Desalination is one of the earliest forms of saline water treatment and it is still used throughout the world. In this work, a single-effect mechanical vapor compression (MVC) process was investigated to produce water for irrigation of non-edible cultures from oil-field produced water. Distillation was able to produce a condensate presenting very low amounts of 84 analyzed pollutants. Ecotoxicological assays with Pseudokirchneriella subcapitata algae, Danio rerio fish, lettuce (Lactuca sativa) and earthworm (Eisenia fetida) were performed in condensate. The condensate was non-toxic for all tested organisms, except for P. subcapitata algae that showed some level of chronic toxicity caused by ammonium nitrogen. This toxic effect was confirmed by conducting a series of ecotoxicological assays with condensate samples after ammonia removal (stripping). The condensate presented quality acceptable for irrigation of non-edible crops.
INTRODUCTION
Physical, chemical and biological properties of oil-field produced waters depend on the geological formation and the geographical location of the oil reservoir. These factors determine the type and concentration of inorganic species in the formation water (silt, salts, scale salts, naturally occurring radioactive materials and metals) as well as water contaminants (hydrocarbons and gases). Sulfate reducing bacteria (due to the existence of sulfate in the formation of water or via the introduction of sulfate through seawater injection) and other anaerobic organisms can also be found in oil-field produced water. Algae and fungi can be introduced in such water, as microbial contaminants, during processing at surface facilities. Furthermore, residual chemicals used for oil production such as corrosion inhibitors, emulsion breakers, scale inhibitors and dissolvers, and biocides reach the water phase rendering the oil-field produced water matrix more complex. Thus, oil-field produced waters are very complex mixtures that present significant variation on volume generated and chemical and biological composition over the life time of producing wells (Bader ) .
In the primary step of oil processing, water is separated from hydrocarbons, treated to remove part of the dissolved oil (flotation), discharged into the sea, re-injected into the wells (produced water re-injection, PWRI) or reused with or without further treatment. Papers dealing with the treatment of oil-field wastewater are relatively scarce in the literature. In general, several treatment steps are necessary to remove pollutants to a high degree. Ebrahimi et al. produced water treatment that consists of a pre-treatment step utilizing microfiltration (0.1 and 0.2 μm pore size filters) and/or a simulated batch dissolved air flotation (DAF), and a multistage post-treatment step utilizing cross-flow ultra (0.05 μm pore size and 20 kDa molecular weight cut-off filters), and nanofiltration (1 and 0.75 kDa MWCO filters).
Total oil removal was up to 99.5% and TOC removal reached 49%. Melo et al. () assessed the quality of the produced water stream after a reverse osmosis desalination process in terms of physicochemical characteristics influencing reuse of the water for irrigation or other beneficial uses.
The pilot-scale RO/NF unit effectively decreased conductivity and total dissolved solids (TDS) in the produced water under consideration and reduced the concentration of several water quality parameters considered important for beneficial reuse.
Despite the concern about energy consumption associated with distillation, this technique is finding application for the treatment of oil-field wastewater. There are currently about 14 evaporators under operation or construction, or in various stages of delivery in Alberta (Canada) and overseas.
Falling film vertical tube evaporators have been utilized to recover and remove oil from water. The Alberta evaporators were very effective in removing hydrocarbons, volatile organic acids, hardness and ions like lithium, iron and copper (Heins ) .
The quality of the condensates from the evaporation process is sufficiently high that they can be considered adequate water for reuse purposes. Scarcity of water is very common in many countries and the demand for water for agriculture is very high. For instance, in Brazil, it represents more than 70% of the total national demand of water. In such a context, water reuse for agriculture should be pursued.
Preliminary experimental work showed that it is possible to produce water for reuse from oil-field produced water. However, the required treatment should be very effective because salinity and other parameters such as TDS, heavy metals and soluble organics can be associated with produced water toxicity (Allen & Robinson ) . The environmental risk of that water should be assessed by performing bioassays with species from different trophic levels, a necessary procedure to complement physical-chemical information (Eon et al. ) . Due to high variability in chemical composition, produced water toxicity can show a wide range of results (Patin ) . The behavior of a single toxicant can only be fully understood if it is taken into account that physical and biochemical properties can change, mainly as a result of interactions with other substances found in the water matrix (Pokarzhevskii & Van Straalen ).
In many countries, there are no specific regulations about the quality required for water reuse in agriculture.
Considering the risks associated with that reuse application, toxicity is a key parameter to define a given level of water quality and, in such a case, assays should be conducted with different organisms. This paper aims to describe and validate a process to treat oil-field produced water and achieve irrigation water quality standards for non-edible cultures (e.g. oleaginous sunflower and castor beans for biodiesel production and ornamental sunflower and pineapple). The oil-field produced water was treated by MVC evaporation. The condensate water is intended to be used for soil irrigation in regions close to the sites of oil exploitation.
The specific aims of this paper are: (i) investigate the performance of mechanical vapor compression to remove pollutants of oil-field produced water; (ii) characterize the condensate by chemical analyses and ecotoxicological assays; (iii) evaluate acute and chronic effects of the condensate water using organisms from different trophic levels, and (iv) correlate possible toxic effects with the presence of some pollutants.
MATERIAL AND METHODS

Mechanical vapor compression
The produced water used in the present work came from fields on shore exploited by the Brazilian company Petrobras. Produced water used in the evaporation process was collected downstream from the flotation system. Samples were transported in drums under refrigeration to Jandira city (São Paulo State, Brazil) where experiments were conducted. A pilot scale mechanical vapor compression evaporator (Destimat, LE 1400, supplied by Brasquip Ambiental S.A.) fed with a flow-rate of 0.1 m 3 /h was employed to remove excess salts, other minerals, metals and dissolved hydrocarbons from the produced water in order to obtain irrigation water to non-edible cultures. The evaporative system was used and operated with pressure and temperature ranging from 44.7 to 45.9 kPa and 84.5 to 85.1 W C, respectively. Figure 1 shows a schematic view of the MVC evaporator.
Characterization of oil-field produced water and condensate samples
Physical and chemical analyses
The oil-field produced water and the respective condensate were characterized three times corresponding to different sampling campaigns. Samples were collected over different that were performed and the minerals were reconstituted for the Danio rerio and P. subcapitata bioassays according to the methods described below.
Ecotoxicological assays
Earthworm Eisenia fetida assays
Adult earthworms between 300 and 500 mg with fully developed clitella were used in the experiments. The earthworms were purchased from Arborium Vermiculture, Rio de Janeiro, and acclimatized for 2 months under laboratory conditions in the same soil in which they were created.
Soil was changed every 3 weeks in order to ensure the 
Acute toxicological assays
Condensate or deionized water were added to the artificial soil to adjust moisture content to 35% w/w. Samples were maintained at rest for 24 h to achieve the necessary consistency. Earthworms were placed on wet filter paper allowing the gut content to be fully empty in 24 h. Earthworms were randomly selected, cleaned and weighed in groups of ten for each assay. Adult earthworms were placed singly on the top surface. Containers were covered with transparent perforated lids and kept in the incubation chamber at constant temperature (22 ± 2 W C) under illumination (400-800 lx).
Earthworms were separated from the test soil, counted, purged for 24 h, cleaned with distilled water and weighed on the 7th and the 14th days of exposure.
Acute toxicological assay on the contact paper Acute toxicological assays on the contact paper were performed according to the method described by OECD (). Earthworms were placed on wet filter paper covered with wet gauze to clean the gut content and kept under such conditions for 24 h. Each earthworm (whose gut content has been purged, washed, surplus water absorbed on filter paper) was weighed and introduced into a beaker (50 mL), the surface of which was covered with filter paper moistened with 1.5 mL of test solution and closed with perforated plastic film. For each test solution ten organisms were used and the assays were made in quadruplicate. The containers were kept in a climatic chamber, in the dark, at a temperature of 20 ± 2 W C and aerated by saturated air.
The lethality was assessed after 48 and 72 h of contact with the damped paper.
Avoidance assay
The avoidance assay was performed as described by ISO 
Lactuca sativa assay
The procedure used in this assay was recommended by ASTM ( 
Calculations and statistical analysis
Analysis of variance (ANOVA) was used to analyze raw data to assess the concentration at which significant differences were found in the number of species exposed to distilled water (control). The level of significance was accepted at p 0.05. Also, a pairwise T-student and F-test were used to determine the existence of differences between the number of species exposed to the control and the condensate for each concentration. All results are presented as mean ± standard error. Calculations were performed using the sta- As already discussed, as there is no specific legislation for the application of treated industrial wastewaters in irrigation in several countries, the strictest legislation for the utilization of river waters for irrigation has been adopted The two resolutions were established by the National Environmental Council (CONAMA, Brazil).
The regulation standards cited above are also shown in Table 1 , where available. In condensates only ammonium nitrogen and volatiles (benzene and toluene) presented concentrations above the standards (Table 1) Table 1 , the condensate presented was high quality, allowing its possible reuse for irrigation.
Among organic toxic substances, BTEX (benzene, toluene, ethylbenzene and xylene) and PAHs are considered to be those of most concern. PAHs (16), shown in Table 1 The results presented in Figure 2 reveal that priority polycyclic aromatic hydrocarbons, found in low concentrations in the produced water (μ/g), were removed to a high extent by the MVC process. Furthermore, removal indicating process performance uniformity.
Toxicity removal by MVC process
Regarding toxicity, the main contributors to acute toxicity showed that the three condensate samples did not promote change on the weight of the tested organisms.
Results of the behavioral experiments of earthworms in soils irrigated with condensate 1, 2 and 3 after 48 h of exposure to condensate are shown in Figure 3(b) . The percentage of earthworms in the container section irrigated with condensate was fairly higher at 20%, a limit value established by ISO guideline (ISO ). Since there was no need for adjustments in water characteristics to ensure the survival of organisms during the assays (only the moisture was adjusted to approximately 35%, as required for testing), the results showed no impact of contaminants remaining in the condensate samples to an important soil organism, such as the earthworm.
The experiments with condensate 2 and 3 were conducted for a long time (120 h), far beyond the value lethality observed in assays is in accordance to the limit value accepted by the adopted method.
The results of lethality assays give an important response of organisms exposed to toxic substances because in those assays organisms are forced to live on the paper filter during the whole test period. Organisms cannot escape from the test environment. The same does not occur in the avoidance test.
Lactuca sativa assay
There is no inhibition of seed germination during the exposure of the condensate samples (1, 2 and 3) without dilution. Results of L. sativa root elongation are shown in Condensate 2 and 3 results were similar to those obtained for condensate 1. Root elongation of L. sativa exposed to condensate (100% w/w) results ranged from 4.3 to 4.6 cm (condensate 2); 4.2 to 4.4 cm (condensate 3) and 4.2 to 4.8 cm (control) . No significant differences on root elongation were observed for these two condensate samples. 
Danio rerio assay
To perform assays the condensate was mineralized after the desalting process promoted by the evaporative process, according to the adopted experimental procedure (ABNT 
Pseudokirchneriella subcapitata assays
The response of the tested organism exposed during 96 h to different concentrations of condensate is shown in Figure 5 .
Up to a condensate concentration of 87.5%, no significant effect was observed on the cell count for all tested samples condensate 1, 2 and 3 in relation to control. However, when the condensate concentration was 100%, a significant decrease on cell count was observed (p < 0.05). P. subcapitata was the most sensitive among the assayed organisms.
It is always difficult to establish relationships among contaminants and ecotoxicity. This is particularly true for industrial wastewaters that, even treated to a greater extent, still present a large number of pollutants at different concentrations. In addition, interactions among these pollutants render the interpretation of toxicity results difficult.
Despite these difficulties, we made an attempt to clarify the possible role of condensate pollutants on ecotoxicity.
As shown, toxic effects of condensate wasters was only observed for one of the tested organisms (P. subcapitata).
Taking into account the data shown in Table 1 Considering that benzene, toluene and PAHs were not responsible for the toxic effects to P. subcapitata, additional experiments were performed to confirm ammonium nitrogen toxicity. In the first one, condensate sample was submitted to air stripping (pH > 11) for 20 h, in order to remove ammonia before the ecotoxicity assay. In the second experiment, different levels of ammonium nitrogen were incorporated in the water used in the control experiment to verify if concentrations below 20 mg/L (the minimum value observed in distillates, Table 1 ) were harmful to P. subcapitata. The results shown in Figure 6 (a) reveal that there is no statistical difference between the inhibition of P. subcapitata growth in condensate (after stripping, ammonium nitrogen concentration was <1 mg/L) and in the control medium (Oligo culture environmental). Figure 6 (b) shows the inhibition of P. subcapitata growth when algal cells were exposed to different ammonium nitrogen concentrations (ratio 2). Concentrations over 5 mg/L of ammonium nitrogen caused severe inhibition of algal growth.
It is interesting to note that no inhibition of algal growth was observed in assays using 87.5% of condensate ( Figure 5 ).
In those assays the ammonium nitrogen concentrations, based on data shown in Table 1 , were 17.5, 39.4 and 45.5 mg/L for condensate 1, 2 and 3, respectively. These values are higher than the growth inhibition limit of 5 mg/L observed in the control experiment water. The large number of substances found in low concentrations in condensate constituted a complex matrix, which was able to attenuate the toxic effects of ammonium nitrogen to P. subcapitata.
CONCLUSIONS
Desalination of oil-field produced water presenting high total dissolved solids contents (>40,000 mg/L) was very effective for the removal of pollutants. The pilot MVC evaporative system used in the present work required 70 kW/m 3 of condensate. However, by improving energy utilization it would be possible to reduce energy consumption to 18 kW/m 3 . This value was already attained in MVC systems and was reported in the literature. If a low cost energy Figure 6 | (a) Growth inhibition of P. subcapitata exposed to the control and stripped condensate. (b) Growth inhibition of P. subcapitata exposed to different ammonium nitrogen concentrations (ratio 2).
source is available, turbine exhaustion gas is recovered or renewable energy (solar, wind, etc.) is used, the implementation of MVC systems to desalinize very salty waters could be an interesting technical alternative.
The condensate obtained by evaporative process from oil-field produced water presented a quality acceptable for reuse, in particular for irrigation of non-edible crops. Ecotoxicological results showed no toxicity for D. rerio, L. sativa and E. fetida and signs of chronic toxicity to P. subcapitata.
Ammonium nitrogen and volatiles (benzene and toluene) in condensate samples presented concentrations above local standards for utilization of river water for irrigation purposes. Assays performed with the water used in the control experiments and with condensate samples previously submitted to air stripping revealed that toxicity to P. subcapitata can be attributed to ammonium nitrogen.
